Mpr1 (sigma1278b gene for proline-analog resistance 1), which was originally isolated as N-acetyltransferase detoxifying the proline analog L-azetidine-2-carboxylate, protects yeast cells from various oxidative stresses. Mpr1 mediates the L-proline and L-arginine metabolism by acetylating L-Δ 1 -pyrroline-5-carboxylate, leading to the L-arginine-dependent production of nitric oxide, which confers oxidative stress tolerance. Mpr1 belongs to the Gcn5-related N-acetyltransferase (GNAT) superfamily, but exhibits poor sequence homology with the GNAT enzymes and unique substrate specificity. Here, we present the X-ray crystal structure of Mpr1 and its complex with the substrate cis-4-hydroxy-L-proline at 1.9 and 2.3 Å resolution, respectively. Mpr1 is folded into α/β-structure with eight-stranded mixed β-sheets and six α-helices. The substrate binds to Asn135 and the backbone amide of Asn172 and Leu173, and the predicted acetyl-CoA-binding site is located near the backbone amide of Phe138 and the side chain of Asn178. Alanine substitution of Asn178, which can interact with the sulfur of acetyl-CoA, caused a large reduction in the apparent k cat value. The replacement of Asn135 led to a remarkable increase in the apparent K m value. These results indicate that Asn178 and Asn135 play an important role in catalysis and substrate recognition, respectively. Such a catalytic mechanism has not been reported in the GNAT proteins. Importantly, the amino acid substitutions in these residues increased the L-Δ 1 -pyrroline-5-carboxylate level in yeast cells exposed to heat stress, indicating that these residues are also crucial for its physiological functions. These studies provide some benefits of Mpr1 applications, such as the breeding of industrial yeasts and the development of antifungal drugs. cyclic amine N-acetyltransferase | X-ray crystallography | reaction mechanism | antioxidant enzyme
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cyclic amine N-acetyltransferase | X-ray crystallography | reaction mechanism | antioxidant enzyme I n yeast Saccharomyces cerevisiae Σ1278b, Takagi et al. discovered genes involved in the detoxification of the proline analog L-azetidine-2-carboxylic acid (AZC) (1, 2) . These genes, MPR1 and MPR2 (sigma1278b gene for proline-analog resistance), encode N-acetyltransferase Mpr1, which can convert AZC into N-acetyl-AZC (Fig. S1A ). Only one base change occurs between MPR1 and MPR2, and the two genes have similar functions. The genes homologous to MPR1 were found in the genomes of many yeasts and fungi, and AZC acetyltransferase activity has already been detected in a number of yeast strains (3) , suggesting that the Mpr1 homologs are widely present in yeasts and fungi. However, it is unlikely that AZC is a physiological substrate for Mpr1 because AZC occurs only in certain plants (4) (5) (6) .
Mpr1 protects yeast cells by reducing reactive oxygen species (ROS) levels under oxidative stress conditions, such as H 2 O 2 , heat shock, freeze-thawing, or ethanol treatment (7) (8) (9) . In addition to AZC, Mpr1 can acetylate the L-proline catabolism intermediate L-Δ 1 -pyrroline-5-carboxylate (P5C), the tautomer L-glutamate-γ-semialdehyde (GSA), or the intermediate 5-hydroxy-L-proline in the equilibrium reaction of P5C into N-acetyl-GSA, indicating that Mpr1 mediates the L-proline and L-arginine metabolism (7, 10) (Fig. S1B) . Interestingly, we found that Mpr1-dependent conversion of L-proline into L-arginine led to the production of nitric oxide (NO), which confers oxidative stress tolerance on yeast cells (10, 11) (Fig. S1C) . Recently, P5C was shown to directly inhibit mitochondrial respiration, leading to ROS generation in yeast (12) . We concluded that Mpr1 is an antioxidant enzyme involved in P5C detoxification and NO production.
Mpr1 belongs to the Gcn5 (a histone acetyltransferase)-related N-acetyltransferase (GNAT) superfamily, whereas Mpr1 displays poor sequence homology with other structurally determined GNAT proteins. In addition, both of the acetyl receptors in the reaction of Mpr1 identified so far, AZC and cis-4-hydroxy-L-proline (CHOP) (Fig. S1A ) (13) , are cyclic secondary amines, whereas most of the acetyl receptors of the proteins in the GNAT superfamily identified so far are primary amines (14) . These facts suggest that Mpr1 has a unique structure and/or reaction mechanism for catalytic reaction and substrate recognition. Therefore, the structure determination of Mpr1 can lead to important insights for understanding both the structurefunction and the evolutional relationships among various Nacetyltransferases.
Here, we determined the crystal structure of Mpr1 and its complex with the substrate CHOP. Although the overall structure of Mpr1 showed a folding that is typical among proteins in the GNAT superfamily, Mpr1 showed a unique reaction mechanism. The structure and the kinetic analyses using the Mpr1 variants indicate that Asn178 and Asn135 participate in catalysis and in substrate recognition, respectively. Additionally, the amino acid substitutions in these residues increased intracellular P5C levels after exposure to heat shock in yeast. Thus, these residues are definitely involved in the physiological function of Mpr1.
Results
Protein Preparation, Crystallization, and Structure Determination of Mpr1. Although we previously tried to determine the crystal structure of Mpr1 by the molecular replacement method (15), the structure could not be solved probably due to the low sequence identity between Mpr1 and the search models of other acetyltransferases. To resolve this, we then applied the singlewavelength anomalous dispersion (SAD) method using a selenomethionine (SeMet)-incorporated protein (Se-SAD) here. The wild-type Mpr1 (WT-Mpr1) has two Met residues, which are located at the N terminus (Met1) and near the C terminus (Met228). SeMet residues introduced into these regions may not be effective in phasing because of disordering in crystal. Thus, the mutant Mpr1 in which Leu87 is replaced by Met was constructed, and Leu87SeMet-Mpr1 was prepared according to the procedures described in SI Materials and Methods. We confirmed the incorporation of SeMet by MALDI-TOF mass spectrometry (Table S1 ), the removal of His-tag by the N-terminal sequencing analysis (Table S2) , and sufficient purity for crystallization by SDS/PAGE and Coomassie Brilliant Blue staining (Fig. S2A) . Next, we screened the crystallization conditions and obtained crystals in the optimal condition containing 100 mM Bistris-HCl (pH 5.5), 240 mM MgCl 2 , 20.5% (wt/vol) PEG 3350, and 50 mM AZC. X-ray diffraction data were collected using a Rayonix MX225HE CCD detector installed on the BL41XU beamline at SPring-8. Finally, the 3D structure of Mpr1 was determined at the resolution of 2.1 Å by the Se-SAD method (Table S3 ). The crystal structure of WT-Mpr1 (15) and its complex with WT-Mpr1-CHOP were also solved by molecular replacement using the structure of the SeMet mutant as a search model at the resolution of 1.9 and 2.3 Å, respectively (Table S3) .
Overall Structure and Substrate Binding Site of Mpr1. The structure of Mpr1 showed an α/β-structure with eight-stranded mixed β-sheet and six α-helices, which is similar to those of other members in the GNAT superfamily reported so far (Fig. S3A) , indicating that Mpr1 definitely belongs to the GNAT superfamily, even though Mpr1 exhibits poor sequence homology with other typical GNAT proteins. Mpr1 exists as a dimer form in solution (Fig. S2B) , indicating that the assembly state of Mpr1 is also similar to those of other GNAT proteins (14) . Our 3D homology search using the Dali server (16) indicated that the structure of Mpr1 is more similar to those of bacterial N-acetyltransferases than to those of eukaryotic N-acetyltransferases (Table S4) .
The bound CHOP molecule was found in the predicted activesite crevice outside the edges of two adjacent β-strands, and its conformation was well defined in the electron-density maps (Fig.  1A) . The final substrate model was proposed to form hydrogen bonds with the side chain of Asn135 and the backbone amide N-H groups of Asn172 and Leu173 through its carboxyl group and The multiple alignments of Mpr1 homologs from S. cerevisiae, Saccharomyces paradoxus, Candida guilliermondii, Candida parapsilosis, Candida tropicalis, Pichia pastoris, Schizosaccharomyces pombe (Ppr1), Kluyveromyces thermotolerans, and Kluyveromyces lactis. Asterisk, colon, and dots indicate completely, strongly, and weakly conserved amino acid residues, respectively. Blue boxes indicate the amino acid residues mutated in this study, and a red box shows Asn135, Phe138, and Asn178. Dashes indicate the absence of corresponding amino acid residues at those positions.
with a water molecule bound to Phe138 through its amino group, predicted by the PISA server (18) . Moreover, it was suggested that the van der Waals contact between the Cγ atom of CHOP and the phenolic side chain of Tyr75 (3.6 Å) is involved in the recognition of the cyclic secondary amine ( Fig. 1A and Fig. S4 ).
To predict the binding site of acetyl-CoA (AcCoA) in Mpr1, we used the structure of an aminoglycoside 6′-N-acetyltransferase from Enterococcus faecium [Protein Data Bank (PDB) ID code 1B87] (17), which was reported to form a dimer in solution as Mpr1 does (19) . This structure is most similar to that of Mpr1 among the proteins, which are structurally determined as an AcCoA-binding form and form a dimer (Table S4 ). The structure of Mpr1-CHOP including seven β-strands (from second to eighth) and four α-helices (from second to fifth) overlapped nicely with that of 1B87 (Fig. S3B) . In particular, a high degree of overlapping was observed near AcCoA (Fig. S3B ). Based on the superimposition of Mpr1 with the structure of 1B87, the pyrophosphate moiety of AcCoA was predicted to be located near the region corresponding to the conserved motif A of Mpr1 ( Fig. 1 B and C) , which is believed to be involved in AcCoA binding through its pyrophosphate (14), suggesting that the predicted AcCoA-binding site is almost correct. In the ternary complex model of Mpr1 with CHOP and AcCoA, the backbone amide group of Phe138 and the side chain of Asn178 and Trp185 were positioned near the carbonyl group of AcCoA (Fig. 1B) . In many GNAT proteins, it is reported that the backbone amide of a conserved hydrophobic residue and the phenolic hydroxyl group of a conserved Tyr residue, which correspond to Phe138 and Trp185 in Mpr1 respectively, function as catalytic residues (14), suggesting that Phe138 and Trp185 could be also involved in the catalysis in Mpr1. Additionally, Mpr1 has a unique structural characteristic. Many GNAT proteins, including ribosomal protein acetyltransferase (20) , aminoglycoside N-acetyltransferase (21), serotonin N-acetyltransferase (22), glucosamine-6-phosphate N-acetyltransferase (23), histone acetyltransferase (24) , and mycothiol synthase (25) , have a β-bulge structure on the β-strand containing the catalytic hydrophobic residue, which corresponds to Phe138 in Mpr1, near the active site. In contrast, Mpr1 lacks such a β-bulge structure, which probably gives an advantage to reduce steric interference with the cyclic secondary amine due to its binding ( Fig. S3C ). Based on the unique structural features, Mpr1 is classified into a group different from other GNAT proteins.
Kinetics of Acetylation Catalyzed by Mpr1. To understand the reaction mechanism, we determined the initial velocity of Mpr1 at various concentrations of the bisubstrates AZC and AcCoA. The Lineweaver-Burk plot of Mpr1, which shows the intersecting lines at one point ( Fig. 2) , revealed that the Bi-Bi reaction catalyzed by Mpr1 proceeds via a sequential mechanism through the formation of the Mpr1-AcCoA-AZC ternary complex. This indicates that the reaction mechanism of Mpr1 is similar to those of many other proteins in the GNAT superfamily reported thus far (14) .
Analysis of Mpr1 Mutants. Based on the structure of Mpr1-CHOP and the predicted binding site of AcCoA on Mpr1, we constructed several Mpr1 mutants with amino acid substitution at positions near CHOP or the acetyl group of AcCoA, both of which are highly conserved among Mpr1 homologs (3, 26, 27) (Fig. 1C) . These residues are likely to be important for catalysis and substrate recognition. The mutant enzymes were purified to apparent homogeneity from the soluble fractions of Escherichia coli transformant cells. We analyzed these mutants by steadystate kinetic analysis, and the results are summarized in Table 1 . The replacement of Asn135 by Ala most severely affected the apparent K m value, leading to an ∼20-fold increase in the value Mpr1
The apparent kinetic parameters were determined. The kinetic parameters for AZC were determined at the fixed concentration of AcCoA (100 μM), and those for AcCoA were determined at the fixed concentration of AZC (5 mM). The values are the means and SDs shown in parentheses from three independent experiments. "-" indicates that the values were not determined. The Mpr1 variants except for WT did not exhibit the substrate inhibition. The N135D and N178D variants had no detectable activity (less than 0.003 U/mg).
against AZC compared with that of WT-Mpr1. This indicates that the side chain of Asn135 is important for the substrate recognition, in agreement with the observation that the side chain of Asn135 recognizes CHOP in the crystal structure. The Asn135Asp mutant did not show detectable AZC acetyltransferase activity, suggesting that the side chain of Asn135 recognizes AZC through its carboxyl anion group. Asparagine residues at positions 125 and 172 interact each other, and Asn172 is located at the position to interact with Asn135 (Fig. 1B) . The replacement of Asn125 and Asn172 by Ala drastically decreased the specific activities (Fig.  S2C) . Thus, it seems that Asn125 and Asn172 assist the function of Asn135 by maintaining its correct orientation and location. In the Asn178Ala variant, the apparent k cat value was greatly decreased (40-fold). This indicates that the side chain of Asn178 is crucial for catalysis. This is consistent with the prediction that the sulfur atom on AcCoA interacts with the side-chain amide of this residue (Fig. 1B) . In many GNAT proteins, it is suggested that the thiolate anion became protonated after degradation of the tetrahedral intermediate by the phenolic hydroxyl group of the conserved Tyr residue, which corresponds to Trp185 in Mpr1. Although this protonation is thought to be essential in the catalytic action, Trp185 is unlikely to be a catalytic residue because it is not conserved among Mpr1 homologs. Considering the pK a values for thiol and carboxyamide groups, it is unlikely that Asn178 directly protonates the thiolate anion. The lack of any measurable activity in the Asn178Asp mutant (Table 1) indicates that the negative charge at position 178 is unfavorable for catalysis. In the complex model of Mpr1 with AcCoA, the side-chain amide of Asn178 interacts with the AcCoA sulfur atom. From these results, we concluded that the stabilization by Asn178 and the protonation by a water molecule bound to Asn178 of thiolate anion are driving forces in catalysis.
To analyze the pH dependency of the apparent K m value for AZC of Mpr1, we determined the K m value for AZC under various pH conditions (Fig. 3) . The K m value increased as pH of the reaction solution decreased. In combination with the observation that CHOP interacts with the side-chain amide of Asn135 through its carboxyl group (Fig. 1B) and the result that Asn135Asp-Mpr1 did not show any measurable activity (Table 1) , it was demonstrated that the side-chain amide of Asn135 in Mpr1 recognizes the substrate through its carboxyl anion group.
Physiological Functions of Mpr1 Mutants in Yeast.
To analyze the function of mutant Mpr1 in vivo, we tested the growth phenotypes of the S. cerevisiae LD1014ura3 strain, in which the endogenous MPR1/2 genes were disrupted, overexpressing mutant Mpr1 (Fig. 4A) . Following induction of the Mpr1 expression, yeast cells were spotted onto SG agar plates in the presence or absence of 5 mM AZC and cultured at 30°C for 4 d. Although WT-Mpr1 conferred resistance to AZC on S. cerevisiae, yeast cells expressing Asn135Asp and Asn178Asp-Mpr1, as well as those carrying only the vector, did not grow on the AZC-containing medium (Fig. 4A) . These results indicate that Asn135 and Asn178 in Mpr1 are indispensable for the detoxification of AZC.
Mpr1 was shown to acetylate P5C/GSA in vitro and in vivo (7, 10, 11) . Therefore, we determined P5C levels in yeast cells after exposure to heat stress (at 39°C for 5 h) (Fig. 4B) . In agreement with the previous result (7), yeast cells expressing WT-Mpr1 showed an ∼40% decrease in P5C content compared with the mpr1/mpr2 disruptant, indicating that Mpr1 can catabolize P5C. Contrastingly, yeast cells expressing the Asn135Asp and Asn178Asp variants accumulated higher P5C levels than did those expressing WT-Mpr1. The P5C contents in Asn178Asp variant cells were close to those in cells carrying only the vector. These results indicate that Asn135 and Asn178 in Mpr1 are necessary to exert the physiological function involved in oxidative stress tolerance, in addition to the detoxification of AZC. It was also demonstrated that the enzymatic activity of Mpr1 is definitely important for P5C catabolism.
The Proposed Reaction Mechanism Catalyzed by Mpr1. Based on the results shown above, we proposed the reaction mechanism catalyzed by Mpr1 (Fig. 5) . First, the side-chain amide of Asn135 and the backbone amide of Asn172 and Leu173 in Mpr1 recognize the substrate AZC through its carboxyl anion group, and AcCoA also binds to Mpr1, randomly or in an ordered manner (Fig. 5A) . Next, AZC attacks to the carbonyl carbon of AcCoA nucleophilically, forming the tetrahedral intermediate, which is stabilized by the interaction with the NH group on the backbone of Phe138 (Fig. 5B) . The degradation of the intermediate generates a thiolate anion of CoA and N-acetyl AZC. The thiolate anion is stabilized by the side-chain amide group of Asn178 and then protonated by a water molecule bound to Asn178 (Fig. 5C) . Finally, the generated CoA and N-acetyl AZC are released.
Discussion
In this study, we determined the crystal structure and the kinetics of the enzymatic reaction of the yeast N-acetyltransferase Mpr1 and proposed a reaction mechanism by analyses of the mutant enzymes. The overall structure of Mpr1 resembles other members of the GNAT superfamily, although the sequence homology is poor.
Although in many other GNAT proteins the β-bulge structure forms an oxyanion hole to stabilize the tetrahedral intermediate, the Mpr1 protein does not have a β-bulge structure. Phe138 and its neighboring residues (Ala136, Leu139, and Val140) on the fifth β-strand lacking a β-bulge structure are conserved among the Mpr1 homologs (Fig. 1C) , suggesting that the structure lacking a β-bulge is unique and conserved in Mpr1. The sidechain amide group of Asn178 was suggested to act as a catalyst in Mpr1. It was reported that a phenolic hydroxyl group of a Tyr residue in many other GNAT proteins functions as a catalyst to protonate the thiolate anion generated after the tetrahedral intermediate breaks down (14) , although in some GNAT proteins, whose active sites do not have tyrosine residues as acidic catalysts to protonate thiolate, there were no possible catalytic acids like those needed to accelerate the reaction. Instead, it was concluded that thiolate is protonated by bulk water (14) . However, our kinetic analysis and the complex structure model with AcCoA suggest that Asn178, which is a well-conserved residue among the Mpr1 homologs (Fig. 1C) (3) , functions as a catalyst. The residue corresponding to Asn178 in Mpr1 is not conserved in other GNAT proteins (Fig. 6) , suggesting that the Asn-involved catalysis is unique to the Mpr1 protein.
Two characteristics of Mpr1-participation of an Asn residue in the catalytic activity and the absence of the β-bulge structurehave not been reported in any other GNAT proteins. Such features of Mpr1 could be related to the shapes and/or the nucleophilicities of the substrates, secondary cyclic amines. The structure lacking the β-bulge of Mpr1 has the advantage for the enzymatic activity to reduce steric interference. However, the Asn-dependent catalytic mechanism seems to be inefficient for catalysis because the side-chain amide of Asn cannot protonate the thiolate anion directly. Generally, secondary cyclic amines possess higher nuclephilicities than primary amines. The inefficiency of Asn-involved catalysis of Mpr1 may be necessary to maintain an appropriate reaction rate to modify the substrates with higher nucleophilicities. These unique features indicate that Mpr1 is classified to an unreported group of GNAT superfamily, a cyclic secondary amine N-acetyltransferase. Interestingly, the K m value for AZC (20 mM) is significantly higher than the K i value for AZC (3 mM). It is also possible that the K m value that is higher than the K i value is not only due to the fact that AZC is not a physiological substrate for Mpr1 but also because such a balance between K m and K i is required to control the reaction rate. The Mpr1-mediated proline-arginine metabolism leads to NO synthesis in vivo (Fig. S1C) . The excess amount of NO can be converted into highly toxic peroxynitrite by the reaction with ROS (28) . The regulation of the reaction rate in Mpr1 may control the NO level to protect the cell from its toxic effect.
Recently, the crystal structure of a putative N-acetyltransferase from the bacteria Kribbella flavida was solved (PDB ID code 4H89) (Fig. 6A) . The amino acid sequence (29% of identity) and the 3D structure (rmsd is 1.8 Å) of 4H89 are significantly similar to those of Mpr1. Moreover, the expected crucial residues, which correspond to Asn135, Phe138, and Asn178 in Mpr1 (Fig. 6B) , and the small loop for the recognition of the substrate's carboxyl group (Fig. S3D) are conserved in the structure of 4H89. This putative N-acetyltransferase may catalyze the reaction in the same manner as Mpr1 and have a similar substrate specificity with Mpr1, although its substrates are not identified. This fact suggests that Mpr1 is evolutionarily close to the bacterial N-acetyltransferase and raises the possibility that the Mpr1-mediated stress-tolerant mechanism exists in other microorganisms in addition to yeasts and fungi.
We also found that Asn135 and Asn178 are important residues not only for AZC tolerance but also for P5C metabolism. The P5C level in cells expressing the Asn135Asp mutant was lower than that in cells expressing the Asn178Asp mutant, even though AZC acetyltransferase activity was not detected in either mutant in vitro. This difference suggests that the roles of Asn135 in recognition of AZC and P5C/GSA are different. In the structure of Mpr1-CHOP, CHOP is recognized by Asn135, Asn172, and Leu173 through its carboxyl group and by Phe138 through its amine group. It is possible that the additional interactions without Asn135 contribute to the substrate recognition and/or the catalysis in the case of P5C/GSA.
Previously, we isolated two Mpr1 variants with higher AZC resistance (Lys63Arg, Phe65Leu) (29) . Interestingly, the Lys63Arg variant confers higher oxidative stress tolerance than WT-Mpr1 on yeast cells. The Phe65Leu mutation enhanced the thermal stability of Mpr1 (29) . In the structure of Mpr1, Phe65 is buried in the hydrophobic region (Fig. S3E) , suggesting that the replacement of Phe65 by Leu improves the packing of the side chain in this region, leading to the enhancement of stability. In contrast, we have no clear explanation of why the Lys63Arg mutant showed improved stress tolerance because no functionally crucial region exists around a nonconserved Lys63 (Fig. S3E ). Mpr1 confers oxidative stress tolerance on yeast cells by the conversion of P5C/GSA into N-acetyl GSA (Fig. S1C) . The K m value of the recombinant Mpr1 for P5C is 7 mM (7), although the intracellular P5C concentration shown here was estimated at ∼50 μM even under the stress condition, suggesting that Mpr1 itself is not enough to exert its physiological function: unknown factors, such as certain proteins or chemical compounds, should be required to express the full activity. In fact, previous reports revealed that some GNAT enzymes require protein partners or small cofactors to exert their functions. For example, Rtt109, a yeast histone acetyltransferase, interacts with the histone chaperones Aft1 and Vps75 to acetylate the e-amino group of Lys56 on histone H3 (30, 31) , and the aminoalkylphosphonic acid N-acetyltransferase PhnO from Salmonella enterica requires a divalent metal ion for its activity (32) . Taking into account our discussion above, we believe that Mpr1 should have some partner molecule(s) such as proteins and/or small-molecular-weight compounds and that the protein complex containing Mpr1 should be required for full display of its physiological function.
An understanding of the reaction mechanism of Mpr1 provides some benefits in its application. Because Mpr1 confers AZC resistance on various organisms, selectable marker systems using the MPR1 gene and AZC have been constructed for yeast and plant transformation (33) (34) (35) . We recently showed that industrial yeast strains expressing the Mpr1 variant are more tolerant to oxidative stresses, such as ethanol, freezing, and desiccation, than those expressing WT-Mpr1 (29, 36, 37) . Engineered Mpr1 might be useful in breeding oxidative stress-tolerant yeast strains with improved fermentation ability. Because the Mpr1 homologs are found only in yeasts and fungi, it appears that the Mpr1-mediated antioxidative mechanism is highly conserved in yeasts and fungi (10, 11) . Thus, the inhibition of Mpr1 activity could be a promising target for the development of antifungal drugs.
Materials and Methods
Details for strains, plasmids, and medium used in this study and methods for protein expression and purification can be found in SI Materials and Methods. Procedures detailing crystallization, data collection, structure determination, and refinement can be found in SI Materials and Methods. Protocols for acetyltransferase assay and functional analysis of Mpr1 are also available in SI Materials and Methods.
